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ANALYTICAL INSTRXJMENT 

This ixrventicai rdates to a novel analytical instnmfiat» zxA to novd msAiods of 
mwptg^T rm£ , inter alla^ low cOEOcenxxations of stable and radioisotopes and/or low 
5 sbimdflxice isotopes. 

Ihe dBtmaJboatioii of radi<mncUde5 ax enviramneaital levels \ismg clas^cal 
radiometrio coiardng ia well tsstablished and likeily to xeroain Ac mefiiod of ciimcc for 
short half-life species. However, innovations in analytic^ instri Tmmta lioa in tbe last 
10 toa years have Ibc potential to replace radionietric comting for a wide range of longer 
half-life species. 

Elemental and isotopic analysis has advanced sigmCcanfly vAUx the introdnctiDn erf 
plasma source mass spectrtwoetiy, A variety of plasmas have been used as idoizHtion 
15 sources, e.g.> glow discTiarges, microwave induced plasmas, but the inductively 
coupled plasma (TCP) is the most widely accepted, and de factc^ the preferred ion 
source for atomic mass spectrometry. The inductively coupled plasma is compatible 
with solid, liquid or gaseous sample innrodnction and is a robust and efficient 
ioni22tion source for aioniic mass spectrometry. 

20 

For some potential apjdicacicaas of plasma mass, source spectrometry^ e.;.> 
OTviroiimental and biomedical monitoring of radioisotopes, currcot techniques may 
not possess the reqwrBd detectkm limits or sdecdvity, dasacal radiometnc 
tedmiqnes may prtjvida the required detection limits, but do so at the expense of 
25 protracted count times and extcnsve sample preparatian and clean-^ For e xampl e, 
within a piuwnitmi bioassay program, current ladi ome t d c methods offer detection 
limits of 500 jiBq per litre, but require 1-2 days of sanq)Ie preparation and 
radiomenic count times ot fi.g:,fbur days with a-spectrometry and up to 28 days fbr 
a-tiack counring. There is a requxrement to develop plasma source mass spectrorcsetty 
. 30 to provide enhanced sdectrvity and improved detection limits without sacrificing the 
inherent flescibility, rapidity and robustness of Ihe technique. 
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The iTTg»T tmtent cf thc iixvoxcian is desigx^ to z&^asurc isotopes at extzemdy low 
coikcestxattops and isotopes of vexy lo'W abundan&e. An escaznple of tids would be the 
5 ultra low level detexnmiatLoxi of ib& radioomlides. The inoeamg iirtfiiest m the 
bdbaviour of radimcaclidcs in the biosphere reqiuxes that ixew methods be developed 
that have direction linxrts eqiixvalent to, csr better than, that of the existing tsdbxuques^ 
but combioe this with superior speed and a ndoced eost of analysis. Insprorvemenis 
in speed aie essential to enable wider screening; plant and event soanagttoent and to 
10 monitor illicit uses of nuclear materials. The recent OSPAR agreement has 
committed ttte UK to real reductions in levels of liquid eflSuenl ^scharges. For 
many radionuclides, conventional radiochemical analysis will limit the ability to 
dfinmnstrate that sach reductions have been achieved. 

15 To achieve the wv^ of improved detection limits in plasma source mass spectrometry^ 
the fiwtors that limit the selectivity and sensitivity of indnctrvely coupled plasma 
yniifiK spectrometcy (ICP-MS) were considered. The iastnimairtal detection limits 
availahlc fiom ICP-MS are, in most cases, limited by the backgrotmd count and not 
&e m^gmtude of 'fhe analytical signal decived &om the ions of interest The 

20 background is derived broadly fiom three distitKrtsou^^ 

1. A xion-specific iostnnnenta] background. 

2* In t er fe rences from atodtnic or molecular ions of the same nominal mass to charge 
25 ratio, cQnsequex:^ upon insufficient mass spectral resolution. Exascqsles of these 
"isobaiic^ inietferences include atomic ions such as; ^^Ani\ ^^Pu*; ^Sr% 
^^e% ^Mn^ ^^Ca, ^.^^ ^b^ ^^g* or inolec^ 
^Ar^^O*, ^^e%^Ai^Cr, ^^As* 
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3. Isotopes of cBflBateat n^t^fl) masses bai present at high relative abundances, 
conseqxjeot ispon insnffident abundance ssaativity. For example, **Sr; ®Sr, ^^ri 

5 These observations arc fhc kcjr to the dcvdqpmcot of insirmneatation vith Ihe 
sigjcrior detection limits required for detecmination of rarfionucEdes at backgromui 
enviztnuneotal and biomedical concestcations by ICP^MS tecfamques. 

A coroparison of altcmsthre techmques to 

10 that resonance ionisation mass spectrometry (RIMS) offers siTni^ar or better absohate 
detection limits than achieved with current generation ICP-MS instruments, e.g. 
about 4 X 10* atoms for The singular advants^e of RIMS over, for estflmple^ 

ICP-MS, is tiie greater isotopic selectivity derived from the laser induced iomsati<m 
. process. However, Ihe prior chramcal separatilmx, though less d frnandrng than that 

15 required by radio-chemical methods, is nevertheless time consuming and requires 
specific recovery of the dement, deposition onto a Ta foil and overplating with Ti. 
Accelcraior niass spectxometiy (AMS) offers absolute detection povw of the order of 
10* atoms- Selectivity is achieved tiirough the use of high energy dissocdaiion of 
molecular ions and avoidance of isobars through negadve ioii discrimination. 

20 Improved detection limits are obtanaed by high energy couatins to discriminate 
against detector baadcground. Hi^ abundance sensitivity is achieved by acceleration 
to potentials thus «^^twmtTing> the relative ion energy spread. However, AMS 
involves large, complex and costly instrumratation. Sample preparation is conqjiex 
and time consuming, requhing preparation of the element in a pure form. For these 

25 reasons, AMS is restricted to highly gwcialiwd roles and cannot at this time be 
considared as a laboratory acaJe or geaeral purpose instpi^^ 

Thus, we have now developed an analytical insoument and an analytical approach 
that overcomea or mitigates the problems with convcutiQnally known mstrametrts 
30 and techniques. As a technology demonstration, this new device is based upon an 
ICP-MS instrument, but is equally applicable to other forms of plasma mass 
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20 



spectxozn^. T-^^ftp^, the mige of aj^plica&ons indudes all fonns of atomic xoass 
spectrometry and molecular saa$$ spectrometry. This instiimneatatioa also provides a 
flsxifalc p^ Blfr^ for spectroscc^c studies of atoms and molecules to detennind 
fbtfidflmeotal paxameters. 

Thxi$ according to thc^inyeo^cBj- we |TOvidc-aa-i^^ ■ 
Coupled Plasma Source Mass Spectrometer equipped with a moltj-dimensignffl 
detector system wherein ions tracssmitted by the mass spectiomfiter are detected w^h 
hi^ selectrviiy. 

* 

The instrumeot is provided prefcsrably ivith detectors which are based upon spe^^c 
detectioa of transmitted ions, e.g. via optical spectroscopy. The device is m 
principle, an ICP-MS instrmnent operating m a multi-dimeasional detection .mode 
and induding the following: 

A cc^venxional nonrspedfic ion detection device* 

A device based i^n optical spectroscojQT m provide highly selectii^ 
specific detedion of ions transmitted by ^ mass spectromuster. 

The detector device based upon optical spectroscopy provides: 



- Ahi^resoludondfitectioasystero,v^tediinooxgu^ 

mass ^ctrometty^ is capable of resolving ions of interest from inDerfezing 

25 . molecular ^^nie nf ^imiiar nnTninfl< mace tO chsige rsdo. 

A Hg^ resolution spectroscopy system, which in oonj unction with 
conventional mass spectrometry, is capable of resolving ions of interest from 
atomic ions of simHar .nominal mass to charge ratio, 

3D . 



4 



P(nyGBOD/00577 



- A Hg'h icsolution spectroscopy aystcoi, which in conjunction wiftx 
ccaiventicmal mPTg spectromstiy, pio vides very abtmdance seo^tmty. 

OpcKdon of thfi two detection systems as a sbj^ ^ 
5 that provides: 

- Backgroiindcoimiialeslhatareordffsofi^^ 

obtained if the individaal detection systems were used a$ isolated, individufll 
detectors. 

10 

Tlie descriptive tenn for this api«OTch is 
Spcctrometiy 0>inddence Laser Spcctrosc^ 

Thus, according to a prefened feature of fee invcaition, we provide an ICP- MS-CLS 
15 instmmcnt. Ve especiaDy provide an ICP-MS-CXS instrument with cocvcmional 
non-specific ion detection device and a device based cai optical spectroscopy as 
herdnbefore defined. ^ 

The instrument of ^e invention si^l«nents the universal ion counting detector with 
20 one that has a higji degree of'spedes selectiviTy- The use of a detector based on 

resonance scattering from the ions to be detected, laser induced fluorescence 

(L3F), provides vastly iixxproved selectivity thereby rwnoving "fhe problem of isobaric 
. imeriereDeea derived finom dthcr atomic or molecular ions. Additionally, by 

operating the optical detector in time CQarelation wifb a second detector^ back^und 
25 count rates can be reduced by several orders of magnitude. 

The instrumentation takes advantage of improved detector technology to achieve vwy 
high spatial and temporal lesolntion in the optical spectroscopy. This allows 
coincidence detection from single ptiototis. This capability is important in tha* it 
30 allows the detection of ions in which tiiere is a high probabiHty of trapping in a 
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metastable state. Ions in metastable states are transparent to the exciting laser and 
thus the overall photon multiplicity jfrom these ions is low. 

To allow for efficient interaction between the laser and ion beam, the ion beam must 
5 be defined accurately in space and be focussed to approximately the beam diameter 
of the laser. An imaging spectrometer provides an ideal solution and a sector mass 
spectrometer is one such device. A commercial, double focussing, sector ICP-MS 
provides the basic platform for development of ICP-MS-CLS. 

10 A key feature of this instrument is the manipulation of the ion enCTgies. To couple 
efficiently the energy fi-om the laser into the ion to be detected, the optical 
bandwidths have to be matched. For example, an ion beam of energy of 5000 ± 2.5 
eV, has a Doppler spread of about 100 MHz for an ion of mass = 240. This is in 
excess of the natural line width which is off the order of 15 MHz. The ion energies 

15 were manipulated by two devices. The first involves the introduction of a 
collision/reaction cell to act as an ion bridge between the sampler/skimmer plasma 
interface and the mass spectrometCT. This themialises the ions and reduces their 
energy spread to less than 1 eV. Additionally, it enables selective gas phase 
chemistry to dissociate interfering molecular ions. The second method involves 

20 acceleration of the ions to compress the optical bandwidth of the ions to be detected. 
For example, an ion beam of mass 240 but with a 40 000 ±[5 eV energy range has a 
corresponding Doppler spread of about 37 MHz. In practice, by iising a 
collision/reaction cell, lower standing voltages, e.g., lOkV, can be employed. 
Assximing an ion energy spread of, e.g., 1 eV, at 10 kV, the Doppler spread is about 

25 15 MHz which approximates natural line widths. 

Programmed acceleration of the ions within the optical detector is important and 
ensures that the ions to be detected come into resonance mth the exciting laser 
within the detection volume of the optical detector. This prevents optical trapping of 
30 the ions prior to their arrival in the detection volume of the optical detector. 
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The abundance seosWvi^ 

- "Where ihe analyte exhibiis an isotope shift, the ion of ta&rest cen be brougjit 
into resonance selectively. 

Selective excttfldoa of ooe hypetSne branch of an ion of xzAerest can also be 
S used to inczessa the selecdvxty of the mass specoometea:. 

Many ions do not exhftlt an isotope shaft that can be resolved optically, but 
sccdcradoti of the ions induces an isotope duft by Doppler shiSang fte 
resonant ficqucnt^ of the low abtmdant ion away fixim the intcrfiaing n^or 
ifiotc^e. 

10 . . 

Where optical trapping of the ions of interest becomes significant, this may be 
addressed via the use of two-colour excitation schemes m which the naetastablfi state 
is in resonance with one of the laser freqtuencies. To provide maximom flexibility 
find ckmentai coverage, a two-colour CW laser system was employed, A twin laser 

IS system allows a variety of excitation schemes to be used, combining single csolor, two 
colof, nxultiphoton exdctatxbu anil' combinati ons thereof 

A multi-slit assembly was roduded in the instrumentation for simultaneous detection 
of major isotopes, to be monitored via conventional detectors, to allow isotope ratio 
20 measurements. This will also provide refesreace beams so that the perfotxnance of the 
sample iotroducdon system and ICP ion source can be monitoied continuously and 
optinzized* 

The invention will now be illustrated, but in no way limited, with xefamce to die 
25 foQowing examples and the acconapaxQdngdmwmss^^ 

figure 1 is a schematic representation of a Coincidence Laser Spectrometer, 
and • ' 

figure 2 is a schematic r«qpresenUcdon of a rncdti-detector head including a 
dctcxtor based upon a Coincidence Laser Spectrometer. 

30 
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SfiSsmng ta figure U & comcidfince laser spectrometer (1) comprises an optical 
detector (2) coupled to a Tolta^ programmex flight tube {3\ wUdi tube v& provided 
a laser system (4) and a zioa-specific ion detfic^OT^ Charged beam steering 
optics (5) are situated a^acent to an exit pcvt from iht flight cube. Hie appaiatxzs 
5 may be provided yriAx beam dumping mea3is (6) adjaceiit to spectrometer exit sHts 

Refiszrbg to figure 2, a spectrometer assembly (8) comprises a multi-jslit assembly (9) 
coupled to conventional iaordetectors (10 and 11) and a cofncidence laser 
10 spectrometer (12) (as defined by £gure 1), 

Example 1 

Verification of Instrameot Performance — I>eferminaiidn of Low Abtmd^c^ 
IS Isotopes, e^g^ ^^^Be 

Ibe operating cbaractmstics of the sy^m were establi^had via an established CLS 
transition, e.g,^ the Be (11) line at 313 nm winch is readily accessible to a CW tunable 
la^. Bciyllium is an important element in its otto right and its hig^ mass isotope 

20 ('^e) is an iniportant geodircoiometer. It is produced by nudear spallation of oxygen 
by coSQa:nc rays and reaches an equilibrhnn concentration in sor&ce quartz of about 2 
X 10^ atoms per g'^ An isobaiic intea fc reaoe with esdsts, but this can be resolved 
in the optical detectoc: A reasonable measoremest of ^^Be was made by processing of 
a Sg solution afier removal of the major matrix elements. Other cosmogsnic isotcpes 

25 that mi^t be amenable to detection indnde those of K, Cs, Ca, Mn, Ni, Pd, Al and 
fbe lanthscidfts d&petiding on identifying Stable spectroscopnc transitions. 

Example 2 

30 Deterxamation of Fn in Uxiae for Bioassay Purposes. 
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Ax: aliquot cf tccine was spiked with a Pu tiacer, processred to zemove the bulk of 
•matrix md yielded a final saznide voluiae of 1 an^^ Hiis sample was axsalyzed by 
ICP-MS-CLS vsmg a low flow sample inlrodaciion system. The isotope tatios of 
^■Pn, ^^'Pia, with respect to the trajDor isotope were gyfffmati^, The tiacea: 
5 isotx^pe wa5 tooxutored on a coxxvendooal detector ^^ixilst ih^ isotope? of interest were 
deteadDBd iising CLS detection- Isobaric jnterfermccs from, for example, ^^IT, 
^•U^H*, ^^b^^Cf, ^*^Am, were resolved optically in the CLS detector. A complete 
chemical reparation of Pu from the matiix was not regmred and a simple, rapid^ 
giotip separatioxi of the acdmdes yielded a sample suitable for analysts by ICP-MS- 
10 CLS. . 

Deterxttiitatioi^ of Fundamental Nndear ParaaeteY? 

15 

Optical isotope I ft.<i and fine structnre can be used to probe imclei for the pmpo&e of 
deriving fundamental nudear data. The ICP-MS*CLS mstromcntatum allows the 
precise measurement of optical isotope shifts nsing the voltage programming 
facilities xo bring isotopes into resonance selectrvely with the tuneable laser operating 
20 in firegiseocy locked mode. 
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